Introduction
============

Renal cell carcinoma (RCC) is a common malignant disease of the human genitourinary system.^[@bib1]^ In recent decades, the incidence of RCC has been steadily increasing by 2--4% each year and accounts for 2--3% of human cancers.^[@bib2]^ Approximately 20--25% of diagnosed RCC patients have already reached the metastatic phase. Due to the resistance to radiotherapy and chemotherapy, anti-angiogenesis drugs have been used as the major therapeutic approach for metastatic RCC in the past two decades and have prolonged the survival of patients. However, resistance to targeted therapy has been frequently reported in recent years.^[@bib3],\ [@bib4],\ [@bib5]^ The 5-year survival of metastatic RCC is estimated at only 5--15%.^[@bib6]^

RCC is a highly vascular tumor arising from epithelial cells within the proximal tubules of nephrons. Angiogenesis plays a crucial role in RCC initiation and progression.^[@bib7],\ [@bib8]^ In RCC cells, frequent inactivation of the Von Hippel--Lindau gene and aberrant activation of the PI3K→AKT→mTOR signaling pathway contribute to hypoxia-inducible factor expression. hypoxia-inducible factors then accelerate angiogenesis through transcription of its target genes, such as vascular endothelial growth factor (VEGF) and platelet derived growth factor,^[@bib7]^ and lead to the new vascular vessel formation. In addition, recent studies demonstrated significant infiltration of immune cells, such as mast cells,^[@bib9]^ macrophages^[@bib10]^ and lymphocytes,^[@bib11]^ in RCC, indicating vital roles of the surrounding tumor microenvironment (TME) in RCC progression.

Mast cells are key mediators of angiogenesis,^[@bib12]^ and early studies indicated that mast cells in the TME might function through various cytokines/chemokines.^[@bib13]^ Our recent reports also found that infiltrating mast cells could promote prostate cancer metastasis and influence the sensitivity to chemotherapy and radiation therapy.^[@bib14],\ [@bib15]^ The detailed mechanism of how mast cells infiltrate RCC and the possible role of mast cells in RCC angiogenesis, however, remain unknown.

Here, we found that infiltrating mast cells could promote RCC angiogenesis via modulation of PI3K→AKT→GSK3β→AM signaling. Targeting mast cell-mediated inflammatory signals with specific inhibitors could suppress RCC progression and may represent a potential therapeutic approach for treatment of RCC.

Results
=======

Infiltrating mast cells are strongly associated with RCC angiogenesis
---------------------------------------------------------------------

To investigate the potential association of RCC angiogenesis and infiltrating mast cells, the major immune cells in the kidney TME, we performed immunohistochemistry analyses with anti-CD31 (vascular endothelial cell marker) and tryptase (specific marker of mast cells)^[@bib16]^ antibodies of 125 RCC tissues and 52 adjacent normal kidney tissues. The results revealed that mast cell density (MCD) was significantly increased in RCC tissues compared to adjacent normal kidney tissues (2.67±0.22 per high power field (HPF) vs 0.63±0.14 per HPF, *P* \<0.05, [Figures 1a and b](#fig1){ref-type="fig"}). CD31 staining in RCC tissues ([Figure 1c](#fig1){ref-type="fig"}) indicated that the microvessel density (MVD) increased with MCD in RCC tissues ([Figure 1d](#fig1){ref-type="fig"}). Linear regression analysis showed that MVD in RCC was positively correlated with MCD in human RCC tissues (*r*=0.541, *P*\<0.001) ([Figure 1e](#fig1){ref-type="fig"}).

Taken together, the results from [Figures 1a and e](#fig1){ref-type="fig"} of human clinical RCC samples indicated that infiltrating mast cells are positively correlated with RCC angiogenesis.

Mast cells promote angiogenesis of RCC *in vitro* and *in vivo*
---------------------------------------------------------------

Next, to confirm the effects of infiltrating mast cells on angiogenesis in RCC, human umbilical vein endothelial cell (HUVEC) recruitment assays were performed. In brief, conditioned medium (CM) from 2 × 10^6^ RCC OSRC-2 cells or from 1.8 × 10^5^ OSRC-2 plus 2 × 10^4^ mast HMC-1 cells was collected and then added to the lower chamber with the HUVECs in the upper chamber of the transwell system. The results showed that HMC-1 co-cultured CM enhanced the OSRC-2-induced HUVEC recruitment compared to the CM from OSRC-2 cells alone (62.3±7.05 per HPF vs 116.7±10.14 per HPF, *P*\<0.05, [Figure 2a](#fig2){ref-type="fig"}). Importantly, CM from co-cultured cells significantly enhanced the OSRC-2-induced HUVEC capacity to form capillary tubes on matrigel compared to RCC medium alone (12.33±2.03 per HPF vs 25.0±2.00 per HPF, *P* \<0.05, [Figure 2b](#fig2){ref-type="fig"}).

To determine whether infiltrating mast cells contributed to RCC angiogenesis *in vivo*, 2 × 10^7^ OSRC-2 cells or 2 × 10^6^ HMC-1 cells or a mixture of these two cells were subcutaneously injected into the right dorsal region of nude mice. Although HMC-1 cells alone did not form tumors (data not shown), co-injection with HMC-1 cells resulted in increased microvessel formation compared to OSRC-2 cells alone (20.8±3.06 per HPF vs 60.2±8.11 per HPF, *P*\<0.05, [Figure 2c](#fig2){ref-type="fig"}).

Since VEGF is the major target of RCC anti-angiogenic therapy, we tested HUVEC recruitment and capillary tube formation in the presence of bevacizumab (anti-VEGF neutralizing antibody) and/or cromolyn (mast cell degranulation inhibitor) in the *in vitro* cell model. The results showed that treatment with either bevacizumab or cromolyn inhibited both HUVEC recruitment and capillary tube formation. However, the combination of bevacizumab and cromolyn was superior to monotherapy with either agent ([Supplementary Figures 1a--d](#sup1){ref-type="supplementary-material"}). Similarly, when the mice injected with OSRC-2 plus HMC-1 cells were treated with bevacizumab and/or cromolyn, we observed that administration of bevacizumab or cromolyn alone could inhibit the growth and MVD of tumors. However, the combination of bevacizumab and cromolyn had a significant synergistic inhibitory effect ([Supplementary Figures 2a--e](#sup1){ref-type="supplementary-material"}). These data indicated that VEGF may be involved in mast cell-mediated RCC angiogenesis and tumor growth.

Together, the results from [Figures 2a--c](#fig2){ref-type="fig"}, [Supplementary Figures 1a-d](#sup1){ref-type="supplementary-material"} and [2a-e](#sup1){ref-type="supplementary-material"} showed that the recruitment of mast cells to the RCC enhanced the migration of vascular endothelial cells to the RCC to promote RCC angiogenesis.

Mechanistic analysis of RCC recruitment of mast cells
-----------------------------------------------------

To investigate the mechanisms of RCC recruitment of mast cells to enhance angiogenesis, we first used transwell co-culture migration assays ([Figure 3a](#fig3){ref-type="fig"}). The results revealed that RCC OSRC-2 cells could recruit more HMC-1 cells than normal kidney HK5 cells and RCC 769-P cells ([Figure 3b](#fig3){ref-type="fig"}). We then performed Q-PCR assays to examine cytokines/chemokines related to the mast cell recruitment ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), and found that adrenomedullin (AM) mRNA expression in OSRC-2 cells was much higher (more than five-fold) than that found in HK5 cells and 769-P cells ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Similar results were also obtained when we examined AM protein using enzyme linked immunosorbent assay (ELISA) ([Figure 3c](#fig3){ref-type="fig"}), suggesting that AM may play a key role in mediating mast cell recruitment to the RCC.

Importantly, using an inhibition assay with AM~22-52~, a specific antagonist of AM, in the Boyden chamber migration system, we found that suppression of AM with 0.5 μM AM~22-52~ in the lower chamber significantly blocked RCC OSRC-2 cell-induced mast cell recruitment ([Figure 3d](#fig3){ref-type="fig"}). Using the opposite approach, we also found that forced expression of AM in 769-P cells could increase mast cell recruitment ([Figures 3e and f](#fig3){ref-type="fig"}).

Together, the results from [Figures 3a--f](#fig3){ref-type="fig"} showed that RCC cells could recruit mast cells by increasing the expression of AM.

AM mediated mast cell recruitment by activating PI3K→AKT→GSK3β signaling in RCC cells
-------------------------------------------------------------------------------------

To further determine how RCC cells alter AM signals to enhance the recruitment of mast cells to RCC, inhibitors of multiple signaling pathways related to RCC progression were used in our study. We found that except for the PI3K→AKT pathway, blocking the JAK→STAT3 pathway, MEK→ERK pathway, transforming growth factor-β pathway or JNK pathway all failed to alter the AM expression ([Supplementary Figure 3d](#sup1){ref-type="supplementary-material"}), indicating that AM-mediated mast cell recruitment to RCC might be due to activation of the PI3K→AKT pathway. Thus, we focused on the PI3K→AKT pathway, a central player controlling angiogenesis in cancer.^[@bib7],\ [@bib17]^ We found that AKT was constitutively activated in OSRC-2 cells compared to 769-P and HK5 cells ([Figure 4a](#fig4){ref-type="fig"}), and inhibition of AKT phosphorylation by the specific PI3K inhibitor LY294002 ([Figure 4b](#fig4){ref-type="fig"}) in OSRC-2 cells decreased the expression of AM ([Figure 4c](#fig4){ref-type="fig"}), which abolished the recruitment of mast cells ([Figure 4d](#fig4){ref-type="fig"}).

Using an opposite approach with a PI3K→AKT activator (SC-79) for the mast cell recruitment assay, we found that addition of a PI3K→AKT activator ([Figure 4e](#fig4){ref-type="fig"}) could increase AM expression and enhanced the mast cell recruitment to the 769-P cells ([Figures 4f and g](#fig4){ref-type="fig"}), and pre-treatment with the AM antagonist AM~22-52~ inhibited SC-79-induced recruitment of mast cells ([Figure 4h](#fig4){ref-type="fig"}).

To further link PI3K→AKT to AM signaling, GSK3β signaling was examined because early studies have demonstrated that GSK3β is one of the downstream signals for AKT in cancer cells.^[@bib18]^ We first confirmed that activation of AKT following addition of SC-79 could increase the phosphorylation of GSK3β at Ser9 in 769-P cells ([Figure 4i](#fig4){ref-type="fig"}), and inhibition of AKT activation by LY294002 decreased GSK3β Ser9 phosphorylation in OSRC-2 cells ([Figure 4i](#fig4){ref-type="fig"}). We then pre-treated the 769-P cells with LiCl, an inhibitor of GSK3β, and the results showed that LiCl significantly increased p-GSK3 Ser9 and AM expression in 769-P cells ([Figures 4j and k](#fig4){ref-type="fig"}).

Taken together, the results from [Figures 4a--k](#fig4){ref-type="fig"} indicated that PI3K→AKT→GSK3β signaling may play key roles in modulating AM expression to affect mast cell recruitment in RCC.

PI3K→AKT→AM signaling was correlated with mast cell infiltration and angiogenesis in clinical RCC samples
---------------------------------------------------------------------------------------------------------

To confirm the above data in RCC patients, the AM and p-AKT Ser473 expression in 125 RCC cases and 52 adjacent normal kidney tissues was evaluated by immunohistochemical staining ([Figure 5a](#fig5){ref-type="fig"}). The results revealed that AM was expressed in 72.8% (91/125) of the RCC tissues and 32.7% (17/52) of the adjacent normal kidney tissues ([Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}). Mast cell density in AM^+^ RCC tissues was higher than MCD in AM^−^ RCC tissues (3.51±0.28 per HPF vs 1.89±0.36, [Figure 5b](#fig5){ref-type="fig"}). Similarly, MVD in AM^+^ RCC tissues was significantly higher than MVD in AM-RCC tissues (23.88±1.51 per HPF vs 6.42±1.66 per HPF, [Figure 5c](#fig5){ref-type="fig"}). In addition, our results also showed that phosphorylation of AKT at Ser473 in the RCC tissues was increased compared to that in adjacent normal kidney tissues ([Supplementary Figure 3b](#sup1){ref-type="supplementary-material"}). mast cell density and MVD in p-AKT^+^ RCC tissues were higher than those in p-AKT^−^ RCC tissues (MCD: 4.02±0.28 per HPF vs 1.43±0.27 per HPF, *p*\<0.05, [Figure 5d](#fig5){ref-type="fig"}; MVD: 25.26±1.60 per HPF vs 8.61±1.63 per HPF, [Figure 5e](#fig5){ref-type="fig"}). These clinical data also showed that AM expression in RCC samples was positively correlated with p-Akt Ser473^+^ expression ([Supplementary Figure 3c](#sup1){ref-type="supplementary-material"}).

Together, the results from [Figures 5a--e](#fig5){ref-type="fig"} and [Supplementary Figures 3a--c](#sup1){ref-type="supplementary-material"} suggested that PI3K→AKT→AM signaling in clinical RCC tissues was positively correlated with mast cell infiltration and microvessel formation.

Targeting PI3K→AKT signals suppressed mast cell-induced angiogenesis in an *in vivo* mouse model
------------------------------------------------------------------------------------------------

The *in vitro* and clinical data demonstrated that PI3K→AKT→GSK3β→AM signaling in RCC may promote mast cell-induced angiogenesis in RCC, suggesting that targeting this newly identified PI3K→AKT→GSK3β→AM pathway may be an effective strategy to treat RCC. We then generated a RCC subcutaneous tumor xenograft mouse model to examine the *in vivo* effects. When the volume of RCC tumor xenografts reached 0.5 cm^3^, mice were intratumorally injected with 500 μM LY294002 or with 10% dimethylsulphoxide as a control. Mice were killed 48 h after 5 × 10^6^ red fluorescent protein (RFP)-labeled HMC-1 cells were injected via tail vein. The results showed significantly decreased p-Akt Ser473 expression and AM expression in LY294002-treated OSRC-2 tumors compared to dimethylsulphoxide-treated tumors ([Figure 6a](#fig6){ref-type="fig"}), and inhibition of AKT in xenograft mice resulted in less RFP^+^ mast cell recruitment than control mice ([Figure 6b](#fig6){ref-type="fig"}).

To further determine whether mast cell infiltration promoted RCC angiogenesis *in vivo*, 2 × 10^7^ OSRC-2 cells or 2 × 10^6^ HMC-1 cells or a mixture of these two cells were injected subcutaneously into the right dorsal region of nude mice, and the results revealed that the tumor volume and tumor weight were significantly higher in mice co-injected with OSRC-2 cells plus HMC-1 cells than mice only injected with OSRC-2 cells ([Figure 6c](#fig6){ref-type="fig"}). Additionally, tumors occurred earlier in mice co-injected with OSRC-2 cells plus HMC-1 cells than mice only injected with OSRC-2 cells ([Figure 6d](#fig6){ref-type="fig"}), suggesting that infiltrating mast cells enhance RCC progression.

Taken together, the results from [Figures 6a--d](#fig6){ref-type="fig"} demonstrated that inhibition of RCC AKT signaling could suppress mast cell-induced RCC progression in the *in vivo* mouse model, and targeting AKT with specific inhibitors could be a new potential strategy to treat RCC.

Discussion
==========

In addition to releasing low molecular weight substances, including histamine and leukotrienes, mast cells can also release a variety of cytokines, chemokines or proteinases to influence cancer progression.^[@bib19]^ While early studies demonstrated that mast cells have anti-tumor effects by mediating host anti-tumor immune response,^[@bib20]^ accumulating evidence has also indicated that mast cells promote cancer initiation and tumor progression.

Mast cells directly secrete various angiogenic cytokines and chemokines to the TME, including stem cell factor (SCF), fibroblast growth factor-2 (FGF-2), VEGF, PDGF, CCL2 and CCL5.^[@bib21]^ Mast cell-secreted proteases, such as tryptase and chymase, stimulate the proliferation of endothelial cells, promote vascular tube formation in culture and also degrade connective tissue matrix to provide space for neovascular growth. In addition, mast cells also contain abundant matrix metalloproteinases (MMPs), such as MMP-2 and MMP-9, and tissue inhibitors of metalloproteinases (TIMPs), which promote tissue remodeling during neovascularization.^[@bib21]^ Adjuvant treatment targeting mast cells or mast cell-secreted factors might be a promising therapeutic approach in the future.^[@bib22]^

Mast cells were first reported in kidney tissues in 1960.^[@bib23]^ Infiltration of mast cells in the renal interstitium is associated with kidney diseases, such as glomerular diseases.^[@bib24]^ Moreover, mast cell counts in human kidney cortex were significantly increased in patients with chronic renal failure, and there was a significant relationship between serum creatinine and the mast cell granulation index.^[@bib25]^ Previously, mast cells were observed to highly infiltrate RCC tissues compared with non-neoplastic kidney tissues.^[@bib9],\ [@bib26]^ However, the relationship between mast cells and angiogenesis in RCC remains controversial. Tuna *et al.* observed a significant correlation between the number of mast cells and MVD in 71 RCC patients.^[@bib9]^ However, studies from Mohseni failed to demonstrate a positive correlation between the number of mast cells and MVD in RCC tumors^[@bib27]^ using a smaller number of cases in their studies. Using 125 RCC samples and 52 adjacent kidney tissue samples to assess mast cells and endothelial cells, we found that there were more mast cells accumulated in RCC tissues than adjacent kidney tissues. More importantly, there was a significant correlation between MCD and MVD.

Since mast cells originate from bone marrow and invade the tissues from peripheral blood during homeostasis,^[@bib28]^ an association between MCD and MVD in RCC tissues may not be sufficient to support the pro-angiogenic role of mast cells. We therefore further determined the role of mast cells in angiogenesis of RCC in various *in vitro* cell lines and *in vivo* mouse models and concluded that mast cells accelerated angiogenesis in RCC.

In tumors, mast cells may be recruited and activated via various factors secreted by tumor cells. For example, activation of the c-Kit receptor by SCF may alter mast cell development,^[@bib29]^ migration,^[@bib30]^ proliferation^[@bib31]^ and survival.^[@bib31],\ [@bib32]^ In solid tumors, such as breast cancer, cancer cell-secreted SCF may play major roles in mast cell accumulation and influence tumor angiogenesis and tumor growth.^[@bib33]^ Watanab *et al.*^[@bib34]^ reported that the SCF-positive cells were higher in hemodialysis-RCC than non-hemodialysis-RCC (62.9% vs 33.3%), and the MCD in SCF-positive specimens was significantly higher than that in SCF-negative ones. However, whether SCF alters mast cell infiltration to influence the RCC progression remains unclear. Because SCF expression in non-hemodialysis-RCC is low, it is difficult to explain the high level of mast cell infiltration in RCC. More importantly, SCF expression is higher in oncocytomas and papillary RCC than clear cell RCC.^[@bib35]^ It is also unclear why the intratumoral MCD in clear cell RCC was significantly higher compared with the non-clear variety.^[@bib26]^ Thus, we hypothesized that there were mast cell chemoattractants other than SCF in RCC.

Adrenomedullin is a 52 amino acid peptide^[@bib36]^ that belongs to the calcitonin gene peptide superfamily and has high angiogenic activities in solid tumors.^[@bib37]^ AM mediates its activities via heterodimeric receptors composed of a G-protein-coupled receptor named calcitonin-receptor-like receptor and a receptor activity modifying protein.^[@bib38]^ Clinical studies indicated that AM was highly expressed in RCC, and its expression was associated with VEGF expression and MVD.^[@bib39],\ [@bib40]^ Under hypoxic conditions, both VEGF and AM expression in RCC cell lines was increased. However, the increase in AM was markedly greater than that of VEGF,^[@bib40]^ suggesting that AM might be a pro-angiogenic factor in RCC. In our study, we found that AM expression was higher in RCC compared to that in adjacent normal kidney tissues, and RCC tissues with AM-positive expression had higher MVD and MCD.

The PI3K→AKT signaling pathway is activated in many tumors. In RCC, PI3K→AKT may closely interact with mTOR, VEGF and platelet derived growth factor to influence angiogenesis^[@bib7]^ and may represent a potential therapeutic target. However, due to side effects and high toxicity, very few PI3K or Akt inhibitors are used for clinical treatment of RCC.^[@bib41]^ Recently, tyrosine kinase inhibitors, such as sunitinib and sorafenib, have been used in metastatic RCC patients. However, the effects are limited due to the occurrence of drug resistance.^[@bib5]^ Interestingly, early experimental evidence showed an increase of AKT activity in sunitinib-resistant RCC cells.^[@bib42]^ Our study showed that PI3K→AKT promotes AM expression through GSK3β and the consequent mast cell recruitment and angiogenesis in RCC. This represents a pro-angiogenic signal pathway that is different from the classic PI3K→AKT→mTOR→VEGF pathway. Whether novel therapeutics can be developed based on this newly identified signaling pathway requires further study.

In summary, our studies indicated that in RCC patients, the aberrant activation of PI3K→AKT signaling may upregulate AM expression through GSK3β. Then, increased AM recruits more mast cells from the TME to the RCC. The consequence of the increased mast cells in RCC is enhanced RCC angiogenesis, which promotes RCC progression ([Figure 7](#fig7){ref-type="fig"}). Targeting this newly identified pathway may help us to develop novel therapeutics to better treat RCC.

Materials and methods
=====================

Chemicals and reagents
----------------------

Primary antibodies against T-AKT (\#2920), p-AKT Ser473 (\#3787for immunohistochemistry staining, \#4051 for western blot), GSK3β (\#9315) and p-GSK3β Ser9 (\#5558) were purchased from Cell Signaling Technology (Beverly, MA, USA). A primary antibody against tryptase was purchased from DAKO A/S (Nr. M 7052). Primary antibodies against AM (sc-53153) and IkBα (sc-371) were purchased from Santa Cruz Biotechnology (Paso Robles, CA, USA). LY294002 (L9908) and cromolyn (\#1150502) were purchased from Sigma-Aldrich Chemical Co. (St Louis, MO, USA). Bevacizumab was purchased from Roche Pharmaceutical (Basel, Switzerland).

Cell culture
------------

The human renal carcinoma 769-P cell line was obtained from American Type Culture Collection (USA). The human renal carcinoma OSRC-2 cell line was obtained from National Platform of Experimental Cell Resources for Sci-Tech (Beijing, China). The human renal tubular epithelial HK5 cell line was kindly gifted by Prof. Chawnshang Chang (University of Rochester, USA). Cells had been determined to be mycoplasma-free and were propagated in Dulbecco′s modified Eagle\'s medium/F12 containing 10% fetal bovine serum (FBS). The human mast cell HMC-1 cell line was propagated in Iscove\'s Modified Dulbecco\'s Medium (IMDM) medium containing 10% fetal bovine serum. Cells were maintained at 37 °C in a humidified incubator with 5% CO~2~ in air. All cell lines were used for fewer than 6 months and were routinely screened for mycoplasma every 4 weeks. No genotypic authentication was conducted. Each cell line was used in the early passages.

Conditioned medium collection
-----------------------------

Tumor cells (2 × 10^6^) were seeded into a 10-cm dish with 10% fetal bovine serum and cultured for 6 h. Then, the cells were washed three times with 0.01 [M]{.smallcaps} phosphate-buffered saline and cultured with 10 ml serum-free medium for 24 h. The supernatant fluid was collected, and cell debris was eliminated using a 0.44-μm polycarbonate filter.

*In vitro* mast cell recruitment assay
--------------------------------------

To evaluate RCC cell-mediated mast cell recruitment, a 24-well transwell assay was used in our study. Briefly, 2.5 × 10^4^ HK5, OSRC-2 or 769- P cells were placed in the lower chambers of the 24-well transwells. The, 1 × 10^5^ mast cells were then seeded in the upper chambers. The upper and lower chambers were separated by an 8 μm polycarbonate filter coated with fibronectin (10 μg/ml, sc-29011 Santa Cruz Biotechnology). The chambers were incubated for 4 h at 37 °C. Filters were then scraped, washed, fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Cell migration was measured by counting the number of cells attached to the lower surface of the filter. Each experiment was assayed in triplicate. The results are expressed as the mean±s.e.m. of the number of migrating cells.

RNA extraction and quantitative real-time PCR analysis
------------------------------------------------------

Total RNA was extracted from cells using a Total RNA Extraction Kit obtained from Fastagen Biotech (Shanghai, China). Total RNA (1 μg) was subjected to reverse transcription using Superscript III transcriptase (Invitrogen, Eugene, OR, USA). Quantitative real-time PCR (qRT-PCR) was conducted using a Bio-Rad CFX96 system with SYBR Green to determine the mRNA expression level of a gene of interest. Human glyceraldehyde-3-phosphate dehydrogenase cDNA was amplified as an internal control. Primer sequences are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Western blot assay
------------------

Total protein was extracted from cells with RIPA lysis buffer containing protease inhibitors. The protein concentration of the lysates was analyzed by the Bradford method. Western blot analysis was performed using a modified version of a previously described method.^[@bib9]^ Briefly, 30 μg of protein was separated on a 12% SDS-polyacrylamide gel and blotted onto nitrocellulose filter membranes. The membranes were blocked with 5% nonfat-milk in Tris-buffered saline and Tween 20 for 1 h at room temperature. The blots were then incubated with primary antibodies overnight at 4 °C and horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Immunoreactive signals were detected using the ECL detection system, followed by exposure to X-ray film. Immunoblotting of glyceraldehyde-3-phosphate dehydrogenase was performed as an internal control.

*In vivo* mast cell recruitment assay
-------------------------------------

Mast cell recruitment assays *in vivo* were performed as previously described.^[@bib15]^ Briefly, 1 × 10^6^ OSRC-2 cells suspended in matrigel 1 (1:8; BD Biosciences, San Jose, CA, USA) were subcutaneously injected into the right dorsal region of 4-week-old male BALB/c nude mice. When the volume of the xenografts reached 0.5 cm^3^, animals were averagely divided into two groups (six mice for each group) with random digit. One group was intratumorally injected with 500 μM LY294002, and the other group was intratumorally injected with 10% dimethylsulphoxide as a control. Then, 5 × 10^6^ RFP-labeled HMC-1 cells were injected into tumor-bearing mice through the tail vein. Tumor tissues were surgically excised from the mice 48 h after the injection, and frozen sections were prepared and analyzed by fluorescence microscopy. The average number of RFP-positive cells in each slide was counted from five random 10 × fields. The animal experiments were approved by the institutional review board of the First Affiliated Hospital of Xi\'an Jiaotong University.

Mast cell-mediated RCC angiogenesis *in vitro*
----------------------------------------------

Conditioned medium from 2 × 10^6^ RCC OSRC-2 cells or from 1.8 × 10^5^ OSRC-2 plus 2 × 10^4^ mast HMC-1 cells was collected and was then was added to the lower chamber with 2.5 × 10^4^ HUVECs in the upper chamber of the transwell system or was added to a 24-well plate with 7.5 × 10^4^ HUVECs on the matrigel for papillary tube formation. To determine the synergistic effect of cromolyn and bevacizumab on inhibition of mast cell-mediated angiogenesis, 1.8 × 10^5^ OSRC-2 plus 2 × 10^4^ HMC-1 cells were seeded in 10 cm dishes. After incubation with 25 μ[M]{.smallcaps} cromolyn, 0.1 mg/mL bevacizumab, or a combination of both drugs for 24 h, the CM was harvested. Then, the CM was added to the lower chamber with 5.0 × 10^4^ HUVEC cells in the upper chamber of the transwell system or added to 24-well plates with 7.5 × 10^4^ HUVEC cells on the matrigel for papillary tube formation.

Mast cell-mediated RCC angiogenesis *in vivo*
---------------------------------------------

Eighteen BALB/c nude mice (4-week-old, male) were averagely allocated to three groups (six mice for each group) with random digit. Then, these three groups were subcutaneously injected with 2 × 10^7^ OSRC-2 cells, 2 × 10^6^ HMC-1 cells or 2 × 10^7^ OSRC-2 cells mixed with 2 × 10^6^ HMC-1 cells. The body weight and tumor diameter were measured every 3 days. Tumor volume was calculated using the following equation: Volume= (*A* × *B*^2^)/2 (*A* refers to the long diameter and *B* refers to the short diameter). Animals were killed 2 weeks later, and tumor tissues were surgically excised from the mice. Tumor weight was evaluated. The samples were fixed in 4% paraformaldehyde and embedded in paraffin. Five-micrometer-thick sections were prepared for immunohistochemical staining. Each section was examined under a high-power field (× 400) in a double-blinded manner by one pathologist.

To determine the synergistic effect of cromolyn and bevacizumab on inhibition of mast cell-mediated angiogenesis, 1 × 10^5^ HMC-1 cells plus 1 × 10^6^ OSRC-2 cells were inoculated subcutaneously into the right dorsal region of 24 BALB/c nude mice (4-week-old, male). Animals were averagely divided into four groups (six mice for each group) with random digit and were treated with saline (100 μl, daily), cromolyn (10 mg/kg daily), bevacizumab (8 mg/kg, once every two weeks) and a combination of cromolyn and bevacizumab. Animals were killed after 4 weeks. Tumors were measured and analyzed as above.

The animal experiments were approved by the institutional review board of the First Affiliated Hospital of Xi\'an Jiaotong University.

Clinical specimens and immunohistochemistry
-------------------------------------------

To investigate mast cell infiltration in RCC tissues and its correlation with angiogenesis, 125 clear cell RCC samples and 52 adjacent kidney tissue samples were collected from patients who underwent partial or radical nephrectomy for RCC at the Department of Urology, the First Affiliated Hospital of Xi\'an Jiaotong University, between August 2008 and July 2010. The approval of the institutional review board of the First Affiliated Hospital of Xi\'an Jiaotong University was obtained before the samples were collected, which was performed with the permission of the patients. Tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Five-micrometer-thick sections were prepared, and immunohistochemical staining of tryptase (dilution 1:200), CD31 (dilution 1:150), p-Akt Ser473 (dilution 1:150) and AM (dilution 1:200) was performed using a DAKO Autostainer Plus system. Each section was examined under a high-power field (× 400) in a double-blinded manner by one pathologist. Mast cell density was defined as the average count of tryptase-positive mast cells from 10 random fields. Any stained CD31+ endothelial cell or CD31-positive cell cluster separated from other microvessel structures was defined as a countable microvessel.^[@bib43]^ Microvessel density was defined as the average count of microvessels from 10 random fields. The results of anti-p-Akt Ser473 and anti-AM staining were evaluated using a scoring system that combines intensity and percentage. In each field, intensity was scored as follows: 0 for no staining, 1 for weakly positive staining, 2 for moderately positive staining and 3 for strongly positive staining. The staining percentage of the relative number of cells stained was graded as follows: 0 for 0%, 1 for ⩽25%, 2 for 25--50%, 3 for 50--75% and 4 for ⩾75%. The total score of each section was calculated by multiplying the intensity and percentage scores. In the current study, sections with total scores ⩾4 were defined as positive staining.

Statistical analysis
--------------------

Results were analyzed using the statistical software SPSS for Windows 10.0.Quantitative data were presented as mean±s.d. Differences in mean values between two groups were analyzed by two-tailed Student\'s *t*-test and the mean values of more than two groups were compared with one-way analysis of variance. Correlation analysis was carried out using *χ*^2^ tests. *P*\<0.05 was considered significant.

This work was supported by The National High Technology Research and Development Program of China (863 Program, NO SS2014AA020607) and National Natural Science Foundation of China grant (No. 81072107, 81472679, 81302227, 81130041), and the National Key Research and Development Program (2016YFC0902603).

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on the Oncogene website (http://www.nature.com/onc)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![Mast cell infiltration in RCC was correlated with angiogenesis. One hundred twenty-five RCC and 52 adjacent kidney samples were immunohistochemically stained for tryptase and CD31. Each section was examined under a high-power field (× 400) in a double-blinded manner. Microvessel density (MCD) and mast cell density (MVD) were calculated as the average measurement of 10 random fields. (**a**) Representative photograph of tryptase-positive mast cells in RCC and adjacent normal kidney tissues. (**b**) MCD in RCC and adjacent normal kidney tissues. (**c**) Representative photograph of two RCC cases with high MCD/MVD and low MCD/MVD. (**d**) Comparison of MVD in RCC tissues with different MCD levels. Low: MCD\<0.63, *n*=26 cases; Mid: 0.63⩽MCD\<2.67, *n*=39 cases; High: MCD⩾2.67, *n*=60 cases. (**e**) Correlation analysis of MVD and MCD by linear regression. \**P*\<0.05.](onc2016442f1){#fig1}

![Mast cells promote RCC angiogenesis *in vitro* and *in vivo*. **(a)**. Conditioned medium from 2 × 10^6^ OSRC-2 cells or 1.8 × 10^5^ OSRC-2 cells mixed with 2 × 10^4^ HMC-1 cells was collected. Then, the conditioned medium was added to the lower chamber of a transwell system to evaluate the capacity of HUVEC recruitment (Left: cartoon for HUVEC recruitment assay; Mid: representative pictures; Right: quantitative data). (**b**) HUVEC tube formation assays upon conditioned medium treatment (Left: representative pictures; Right: quantitative data). (**c**) 1 × 10^6^ OSRC-2 cells or 1 × 10^5^ HMC-1 cells or a combination of these two cell lines was inoculated subcutaneously into the right dorsal region of nude mice. Animals were killed 2 weeks after injection. Immunohistochemistry staining against CD31 was performed to evaluate MVD in xenografts (Left: representative pictures; Right: quantitative data). \**P*\<0.05.](onc2016442f2){#fig2}

![RCC recruited mast cells into the tumor microenvironment via AM expression. (**a**) Cartoon of mast cell recruitment by the transwell system. (**b**) The *in vitro* mast cell recruitment assay by RCC and normal kidney tubular epithelial cells. (**c**) AM expression in RCC and tubular epithelial cell lines detected by ELISA. (**d**) Administration of the AM antagonist AM~22-52~ in the lower chamber inhibited OSRC-2 cell-mediated mast cell recruitment. Physiological saline was used as a negative control. (**e**) ELISA showed AM expression in 769-P cells following forced expression of AM. The lentiviral vector LV5 was used as a control. (**f**) Mast cells were recruited by 769-P cells overexpressing AM. \**P*\<0.05 vs control group; \*\**P*\<0.05 vs OSRC-2.](onc2016442f3){#fig3}

![AM-mediated mast cell recruitment was dependent on PI3K→AKT→GSK3β signaling in RCC. (**a**) The expression of total and p-AKT Ser473 in HK5, 769-P and OSRC-2 cells was assayed by western blotting. (**b**) The expression of total and p-AKT Ser473 in OSRC-2 cells with or without LY294002 treatment for 24 h. **(c**) ELISA of AM concentration in the medium of OSRC-2 cells treated with or without (as control) LY294002 for 24 h. (**d**) OSRC-2 cells were pretreated with or without (as control) LY294002 for 24 h and then subjected to transwell assays for mast cell recruitment. (**e**) The expression of total and p-Akt Ser473 in 769-P cells treated with or without (as control) the AKT activator SC-79 for 2 h. (**f**) ELISA of AM concentration in the medium of 769-P cells treated with or without (as control) SC-79. (**g**) 769-P cells were pretreated with SC-79 for 2 h, and mast cell recruitment was assayed with or without AM~22-52~. (**h**) Mast cell recruitment was assayed by adding the inhibitor of AM (AM~22-52~) with or without AKT activator (SC-79) (**i**) The expression of p-GSK3β in RCC cells pretreated with LY294002 or SC-79 was assayed by western blotting. (**j**) The expression of p-GSK3β in RCC cells pretreated with LiCl was assayed by western blotting. (**k**) AM expression was detected by qRT-PCR assays in 769-P cells with or without 50 μm LiCl treatment. \**P*\<0.05.](onc2016442f4){#fig4}

![The PI3K→AKT→AM signaling pathway is correlated with mast cell infiltration and angiogenesis in RCC samples. (**a**) Representative immunohistochemistry images of p-Akt Ser473 and AM in RCC tissues. (**b**) Comparison of MCD in AM^+^ and AM^-^ RCC tissues. (**c**) Comparison of MVD in AM^+^ and AM^-^ RCC tissues. (**d**) Comparison of MCD in p-Akt Ser473^+^ and p-Akt Ser473^-^ RCC tissues. (**e**) Comparison of MVD in p-Akt Ser473^+^and p-Akt Ser473^-^ RCC tissues.](onc2016442f5){#fig5}

![Targeting PI3K→AKT signaling inhibited mast cell-mediated angiogenesis *in vivo*. (**a**) p-AKT Ser473 and AM expression in OSRC-2 subcutaneous xenograft tumor samples was determined by immunohistochemistry staining. (**b**) The RFP-labeled HMC-1 cells were identified and analyzed by fluorescence microscopy in sections of frozen OSRC-2 tumor samples (Left: representative pictures; Right: quantitative data). (**c**) A representative tumor of xenograft mice injected with 1 × 10^6^ OSRC-2 cells or 1 × 10^5^ HMC-1 cells plus 1 × 10^6^ OSRC-2 cells. (**d**) Tumor volume was measured after injection of 1 × 10^6^ OSRC-2 cells or 1 × 10^5^ HMC-1 cells or a combination of these two cell lines. \**P*\<0.05.](onc2016442f6){#fig6}

![Diagrammatic sketch. PI3K→AKT→GSK3β signal-mediated AM expression could increase mast cells recruitment to the tumor microenvironment, and then, mast cells could recruit vascular endothelial cells by secreting pro-angiogenic factors, such as VEGF and fibroblast growth factor-2,^[@bib12]^ or promote tissue remodeling by secreting proteinase, such as tryptase and MMPs,^[@bib12]^ and finally accelerate angiogenesis in RCC.](onc2016442f7){#fig7}

[^1]: These authors contributed equally to this work.
